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PROCESS DESICN OF TW? LASL BISMUTH SULFATE THERMC=CAL HYDRDCENCYCLE

K. E. Cox, J. H. Pendargrmeo and W. U. Jonas
University of Celi Eornia
Lea Alamoe Scientific Laboratory
LOISALemns, Neu Hesfco 87545

ABSTRACI

A new proceao engineering flowsheet reflecting en
improved design of tha LASL Bismuth Sulfate thermo-
chemical cycle ie presented. The design is baaed on
laboratory data that indicata a lovtiredandothermlc
heat load for a partial decompoaltion of the solid bfa-
muth aulface. A em.illelectrical energy demand mhould
result from operation of the sulfur dioxide electro-
lytic accp at lwer acid concentration, in principle.
The results of the flmsheeting analyais yield a ther-
mal ●fficiency of 50 percent for the cycle when coupbd
to ● conceptual fusion ●nergy heat source at 1500 K.
A parametric atmlyaia ahowa ● slight drop in efficien-
cy ae the temperature of the heat aourcc is decreasad.
The LASL Bimuth Sulfata thermnchsmic:ilcycle appears
to have potcztial as a meems of producing hydrogen from
hiEh-temperature heat eources such UH fusion, fission,
and sol~r energy; it also appears to he c~mpetltlve
with alternative thermochemical cycles as well as with
water electrolyaia for hydroSen production.

TNERFh3CHQ41CAL CYCLES FOR HYDROC~ PRODUCTION have been
inve3iigatcd at the Los A.Lsnw Scientific Laboratory
(LASL) Blnrr tlw early 1970!s. Thcsw studlex have con-
mi~tcd of r:prrlmental and rllgil:,.eringresearch to de-
fine practl,:ilcyclca that can bI:rouplcd to high-tcrn-
perature bent sourcus for water-splitting to produce
hydrogen anJ oxygen. Sponsorship of these programs
has been obtained from LIOE’e Division of BsYic Energy
Sciences ond Energy %:orage Sy~tems. In recent months,
our efforts have conc~ntrated on the development of a
thermnchemicnl cycle that ia compatible with a 1500 K
temperature heat source derived from a conceptual.fus-
io,,driver. Thl~ study, mainly aponaored by DOE’s Of-
fice of Fusion Energy has as ita ❑nJor goal the task of
defining ncmelcctrlcal fualnn enerzy applications.
Chief among these appllcntions hns been the study of
synfuel (hydrogan) prnducti]~ from fuuLon powur, the
reault~ ~: which are diecua3*d eluewhmre -itthi:lCon-
ference.{L)*

This paper eddresees the status of the chenical
proceaa dasign of the tharmochemlc~l cycl,:chosen for
coupling to the fusion drivar. In uelecting a cpecific
thermochemical cycle for this study the follnwing
ground rules were adopted.

CHMISTRY

o The cycle fihouldhave uome basio in experi-
❑ental fuct,

o Thermodymmic data ehould he nvailable.
o Kilwtic data on the imporrunt reactionn should

cxl~t.

ENGIliF.ERCiiG

With these considerations In milid,a “hybrid” bismuth
sulfate thermochemical cycle under development at LASL
was selected for study. (A’’hybrlrl”cycle is one which
operatea partly or.ehensitlenergy and partly on “work”
energy, l.c., a lw-temperature electrolysis sti,pis
incorporated within the cycle).

TNE LASL BISNUTIISULFATE CiCLE

The reference bismuth sulfate cycle has alro:ldy
been analyzed rk.owhere (2); however, it ie useful to
review Ita chenlstry as an aid towards Unctecstiiilding
the present version of the cycle. The refer.!nce CYCII:

consiata nf the following steps:

2H2fJ(J)+ S02(g) m H2S04(aq) + 112(R) ~lcC. 350 K (1)

H2s04(aq) + l/3i3i2c3(s)= 1/3s1203.3s03(s)

+ H2(J(I) 350 K (2)

l/3Bi203-3S03(s) - l/3B1203(t) + S03(@ 900-1200 K (3)

so3(g) - so2(g) + l/202(g) 11(’)0-1500K (4)

This cycle was originally devised aa all,lJternativcto
those cycles that C!,l,loyfiulfuri.c acid J:;.-ml,of their
reacti.mLs. In th,:c cycles, mllflirj(acid l:,proct>:lL
in aolllti.,nat around 50 wt% r.oncen?ratim. ThcfieHLI-
ht~uns nrc COUCCntriltCdby Cvapor,lt!bl,tc the /c:.,l,-
tropic crmccrrtratlnuat around 99 WL::aci(,Prl:tr[u
sulfuric acid decomposition to writer,sulfur rllnxide
and oxygen. Serious materials problcrnsarc cxp?ricnccd
in the cv~poratiom proccns duc to tlw hir,hlycorri,sivc
nature.of boiliuz sulfurlc acid solutjon~, in ad,!ltlo,]
large bent pcnaltlctimay be incurred unlcjs multiple cf-
feCt eVapOrJ:iOn whtch iIIvolvL!~ Cxpensive @.apiL.1]cqui,p-
ment is inc<ok,wl. Among the cyclca cnploying fiul[uric
acid proccsslnS are the hybrid sulfur cycle und.trde-
velopment by Westtngllolls~,(3) the G{~nerulAto;:lc[;uI-

fur-i~dlne cycle,(4) nnd the Mork-.l,3~lilfurici-lcld-
bromlue cycle being ntudied nt thv Eurntom r.c)lt.,..IS-

prn, Italy.(5) l’hew+ thrcp cyclca have pa:+s.wLh .lh-
oratory etnge of development anrlarc bei:l:;scl,.~i.,.lin
bench-xcale apparatus capable of continu..uso;u;..tion
to produce lCIOliters of hydrllgtinper hmr. }Iuvi)at-
tcntlon ie beln~ devoted to the afnremenzion~~ l.l:lct:rl-
nla problem.

At the LASL, we have sought to avu[d hoL c(,l:cen-
trntcd aulfurlc arid corrosion and dryiu~ pru!~l,~:wby
prccipitutiug an insoluble, nnllydrousnmt.~1stl~f~tc
frrvnthe sulfurlc ar.Ld solution us nhuwn i!.t;.:p2,
above. The blFIILItlIsyHtwn wn~ Fehcr.!d m (hi: I,;!sis
of the formtlon of inaoltthlc,nnhydr(,!l$ht ,u.tl.,Hul-
f~lteon prccipi~..ltlonmAcid LI l,,llnlhe:,t i:t..ld;,.rc-
qulrw! ~n the cyrlc lf hy&r~t,,dUIIltIILU:+p..,l::~.src
formed, m in the ca~r OC copper mLfiIt~, s:I:. In
utcp 2 of nwr rufcrcuce cycl(,,blumutll[IXl;q:[.,:Iddcd
to SII.L(’IIYICilt:ldtlnvlr,RA cmlrcnLratlun K:.,,ll-l’llliul
or quill,tu 52.7 WLZ to form tlw IIOWI,I1I)t J.11’,:iul-
fntt?,(fi)thi~ Hul[ilf,! nfll?r~!ryinxciIiIII., I.. ,11,!11
thellnillly LtIbis~lll’!it,xldral)tlrulfur tl1,,..i(l .
Bimwn in otrp 3. :B.ll[tlrtrioxld,,furltl~,r(!.,.,:Jq,{!hs
to clulturdlnxldc J1,c!uxyccrIu!. ic!l at-,> :,,*II I;. :., , ICI
pruvl.d,.rt,cy,:l,>SUI’111dlox!I!,,(ur SCII:I 1, flI\I.lUC.
trorhl!nlw)lOXI(!:IL[,lIIof sulft,r din?;.;.-.L,,:;uliI,f,.
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acid and hydrogen prtiduct. The electrochenlcal oxida-
tion of sulfur dioxide to give hydrogen is the “hybrid”
ntep in this process; this reuctloo was first investi-
gated by Bwman and Onstott at the LASL,(7) and is a
key step iu the Westinghouse cycle.(3) Caaparison of
the etcps in the TASL Biwmuth Sulfate cycle to other
cyrles chows that solid materials must be handled.
Traditionally, solids ara awided in favor of liquids
and gaees because of handling problems. The trade-off
must be made between aol.idehandling sod the difficul-
ties (and expenne) of hnndling highly-corrosive boiling
mulfuric acid ntreame. This ie a future direction of
our proposed research.

CYCLE VARTATICIIS

Variations in the reference bismuth sulfata cycle
are poeeible as a result of the exiatemce of a eqt of
intermediate btemuth oxyeulfnte compounds that result
when nomnl bismuth edfate, Bi203.3S03, decomposes to
bisnmch oxide, kli203. This is illustrated in Fig. 1
which also tidicates approximate tempe~aturea at which

,tl,=transformations take place. In the reference de-
sign, we considered the removal of one mol of SO from

71/3 mol of the normal bismuth sulfacc to yield 1 3 mol
of bismuth oxide (stup 3). The ●ndothermic heat re-
quiremeiltwas taken as 251 kJ/mol s03 from tabulated
thermodpmic data.(8) At the decomposition tempera-
tures chtisen,the bismuth CXMS farmed J.win the liquid
state complicating the design of tha decnpoaition re-
actors.(9) Recuperation of r,..:wwrlbi~muth sulftiteal- ,
no required reasonably high ;..tdconcentration (52.7 wt%
or higher) which in turn ind.tcatcdso electrolyzer vol-
tage of 0.6 V or higher. Our preliminary assessment of
the reference cycle’s cff(clcncy was 41Z on these baees.

To optimize cycle performance, primarily in the
area of efficiency improvement, cycle variations were
devised that were baaed on tl,eeffect of cycling hti-
tween two of the Intermdiste bismllthoxysulfatc con-
pounds in the d<.cmpnsltton sequence st,ownin FIc. 1.
An Inproved cycle would oprate between the compvunds,
Bi203m2S03 and Bi#3-s03. Experimental data on the
endothermic heat of decompusltion of B1203:2S03 to
Bi201”S03 are presented in Table 1. Steps 2 end 3 pre-
sented for the reference cycle would be replaced by the
following two steps:

Bi203-S03(s) + H2Sf)4(sol)= Bi20302S03(s)

+ H20(1) 350K (5)’

Bi203”2S03(S) = B1203.S03(R) + S03(g) 1000-1250 K (6),
#
1

The improved cycle ie shnwn in schematic form in FiE.
2. There arc several advantages with this vari.l:i~,n:

o

0

0

0

b

The average endothermic heat requireme.n:for
the no]id dccompoaition step would decre~sti
from 251 k-J/molto 172 lL.J/molS03 removed.

Bi203.2S03 is the steble solid phase in contacl
with sulfuric acid over a 3 wLZ to 52.7 ut~;
cnncenLretiom range;(6) in princi~le, tl:.?elec-
trochemical oxidation of sulfur dioxide (:.tcp1)
could be carried out at a voltage lower ch~n
0,6 V due to a reduction in the theoretl.c~l
voltage aa well as a possible reduction L:lover-
VOlttige. Operation in the 10-20 wtZ suli.ric
acid range would be feaaible.

Sulfuric acid is not handled at hi~h conccntra-
tione or tempernturea.

Both sulfates present in step 6 would ru.l~inin
the solid phasa throughout the reaction avoiding
difficult to contain rnoltcnoxide.

Muimum temperaturca required for z.olidsd:com-
poaition can be lower.

A second nlternatiw would involve ducunpo=tLion of
Bi2t)3.2S03to a stage represented by Bi20~.(2i3)~’J.
As oppofiedLo these advantage~, the only foresee.l!>lo
dinad~antagcn would bc the circul;ition01 a l:lrgvr
amount of solid, onc mol of bismuth oxysulfatc p:.:mol
of sulfur tr;oxide removed with alton&~nL increaj..d
liquid entrainment, and a higher circ!ilnti,.mratv r ,r
the eulfuric ucid electrolyte in the :;ulfu:diuxid.:
eluctrolyzer.

CYCLE EXPERJME22TALVERTFICATION - Thi?cxperJ1.wntal
b:,lr-sfor tlir’nhnve cd~~;urvat~onsnrc I:hownin l’iL,t.3
aI1,J4. Tilc[LwMfynnmicdaLa o:)the cndothrrmlc hunt rIf
react”lonfor:

Bi203-3S03(s) U B1203-2S03(S) + S03(K)

and, Bi203”2S03(a) - Bi203,S03(s) + S03(C)

(7)

(8)

were obtained in isothermal batch expertienta. The S03
pressure vfisobtained from total (S03/S02/0?) Pr@ssure
mensur~ment:zover nampleR of bismuth oxysuliatc (of
known composltirm m a functinn of tcnpernturu.
Strolght line plots of lng PS03 w. l/T gave n value of
161 W/mol (38.4 kcal/mol) for the Bi203”3503 d@[:omPo-
mition and 172 kJ/mol(fil..2kcal/ml) for’tlli~l~fz03.?S03
decomposition respectively. These d~ta MIWJthe expPrl-
~ntal plots are shown on Fig. 3.

Table 1 - Bismuth Sulfate DepompoaitiOO Data
1

T, K

Reection (p~~latm) ‘ All,Wfmol S03
—-

;Bi203-3S03 = Bi203”2503 + S03 876 I I 161

Bi203”2S03 - Bi203”S03 + S03 1121 172

B1203-S03 - Bi203-(2/3)S03+ 1/3S03 1253+

BL203.(2/3)S03 = B1203 + 213S03 1293 +

Overall— .,---

TJ1203”3S03- Bi203 + 33~3 076 786 (8)

112S04,wt% in

eq. v~th rractant (6)

52.7 +

3.0 - 52.7

c 3.0

52.7 +



Kinetic data
starting material
were Derformed by

.

for the decomposition of Bi,,03”3S03
are shown in Fig. 4. Iaothtmal rune
droppinsta mall sample of namal

bismuth eulfate ~nto a-pr;heated furnace. The sanplc
came tc within two degrees of the furnace temperature
in about two minutes. The plots in Fig. 4 show the
rate of S03 removal as a fr.nctionof time at tempera-
tures of 1048, 1153, and 1243 K. In all caaes after
long enough times (30 + m.i:wtea),the normal bismuth
eulface decompoead to yi~ld q solid ❑ater.!alwith the
approximate atoichiomatrlc formula of Bi203m(2/3)S03
releasing 2.33 mole of s03. The demmpositiun times
fOr the release of 2 moh of S03 (CO form Bi2D3”S03)
ie dependent on the run temperature. About 1.5 ❑ln ie

required for the decomposition of Bi2f)3”3S03to
Bi203*S03 at 1243 K. Less time (roughly half) would
be required for the inte~dlate ❑te~, B1203.2S03 to
Bi203.St13. In these exparimants it im very probable
that the reaction rate 1s determined by tcmperature-
dependent kinetics rather than by heat trar.sfer. In
large industrial reactora, heat truoafer may play a
larger role depending on particle size, etc. In one
chosen contacting nchaz, i.e., !luidized bade, heat
and mass tranaf~r rattisare large and thus reaction
tfmee would be temperature-deptndent. In cn actual
procees, eolid material cosrespording to Bi203-S03 or
Bi@3”(2/3)SOj vould be rcrmved from the drcumposition
reactor for contacc with 10-20 wt% acid from Lhe elec-
trolyzere to produce Lti203”2S03etnrting ~r~rial.
For simplicity, we have consicl~redonly rl’’m”~l.mgSOq
as far ae Bi203.S03 in the optimized de~ign. &’ain ,

in an actual procees, the starting material would be
mlightly mora ●nriched in S03 than suggaatcd by
B1203.2S03 as a result of reaction between the Isul-
furic acid present iN the liquid (that ia removed by
drying) occltided by the Ei203.2S03 prccipltnrc.

We are pre~ently exploring continuous rwthods to
decompuse Bi203.ZS03. sLVI?rd oolLd hnndl.11,~ap-
proachm au~geet themsclvss, cheue Includw: fluidized
beds, rotary kilnn and vcrcical arovtLIxb;:d:~.We have
begun testing of the fluidized b~k alturnatlve and have
found a major variable to be the physical aspect of the
eolid sulfate mncerlal (particle size and shape, parti-
cle eize distribution, tendency to a~glomerate or
“pill,” etc).

CYCLE PROCESS DESIGN

A thermochemical procese deeign has been developed
for the refer~lce ae well ttafor the improved version of
thi+LASL BLaI:i:h Sulfate cycle. The deeign alms wero
to produce an cngineerl,l,iflowsheet, compute mass and
energy balances, and ob-nin a value for the thermal
efficiency of the cycle. The eventual aim le to obtain
the coat of hydrogen producclon. For ease of annlysie,
the cycle was eplit into two portiunsi,a portfon in-
volvin8 the lcw-tumpwrature operations snd a high-tem-
perature portion. The flowaheet for the low-tcmp*ra-
ture.part ie shown on Fig. 5. with thw high-tvmper:lcure
pnrt’s flowaheet being shown on Fig. 6.

A fusion ieactvr deFo.eitsneutrons in a hifih-tcm-
pcraturc boiling lithium blunket at 1500 K. Thermal
mercy from the inothetm.+1“lithiumbnilur’’(lO) i~
trnnsf~rred directly to a S03/S02/02 rrnccs~ stream
fur ttw high-tmp~raturf! portion of the cycle. One
h(’iltrxrh:mr!erthus provJdem nl.1thr primary therm.11
enercy for Llw cycle. Huat from n lmw-tcmpernturf.!
(UO(IK) portion OE the Eusicn,blanket pruvi&s tl,e
mergy for cl.ctrlu power ~cnar~tlon fur the clccttoly-
eltisc~tlun lnrutcd iIIth~ luw-tcmperntuct~portLon or
tllsCyclp. W,!hove asfjtnn~d●qtlllibrttm.mrquwltlons in
all gos utrcim~ containlm:tS01/S02/02 uxc~[)taftvr r.lll-
id queer.hlll&to tcuperar,,r,:~i)dow UOO K. l~ILafor
this c’.lulll.brlunu,.reO!,-nloti+frf.1!hvtnw!:”s.wnl,:r ,:-
pllatl,,”~:~.(11)For pipP!:I- rlervl,,-,hy~lrtj:”,l1:1r!”-”
qll[n,ri aL pr,:u~uri~~suh{?mchllly {.JCIVHu:.m~wpharic

pressure. We have choeen a dcaign pressure of 3 }Wa
(30 ntm.) ae the operating pressure ~n the elcctroly-
zer vessel to yield a hydrogen product at thLs pr...;%urti
for out~ide delivery and the same prcsxurc in thv dc-
coapusltlon rcnctors to minlmizc their size. In ti:ls
dcslgn, us have also ttss~nnednegligible thermal a.~.i
pumping (transfer) losses in comparison with the t:,,,r-
❑al energy flows. The high-temper:;turedeconpos<.”1
are thus designed to operate is[,!laricallyneglecii..l~
for the time being pressure drope through the re:l::ors.
Inclusion of theee fsctors would rmke m.incr dmm~,lyd
adjustments to the calculated cetimate of thi.cy,.1~’s
efficiency.

CYCLE-LOW TRfPERATIJ’REPORTION - Three naJor c:,n-
ponents of the process are included in the lrw-te::p~ra-
ture portion. These component arc: thu au]fur di xidt,
oxidatiun electrolyzers, tilebicmuth o.s~r,ulfacci~r,cip-
itntion rcactora, and the units for separating SLJ,,
frot102 and the extraction of energy frt~mthe oxy;.,n

atredm by expaxion to ambient conditio;ls. Thi:;~(,r-
tiun of the cycle is illustrated in Fig. 5. In t’..,
electrolytic ~tep (7), eulfurous acid is oxidiz-.! ..i.th
the ~imultansous formation of hydro~;wlnt th~ c~.,i:lJ~.

Migration 0[ nulfuroue acid to and ~ub:equent form.t-
tion of eulfur at the cathode ❑ ust bc avoided. Ill:1
problem vas firnt overcome by fhe provl:;lullof tI
elight c~:l,ol.ytew~er-prestiurein conj~nction with ~
auituble porous membrane. In our dcfii~n. we ;,-IVU ::..-
eumed slightly semi-permeable, Ion-ctlnductingu.::ibr:.ne
thal I“I,[!ULW3i;ll]fllrt.u]sr.cidMjr,l:ll1011illt(}t.huc:lLl].)d/
compartment of the electrolytic cell. ‘L’lietl,,ctrr!ytic
cell design parameters have been chosen at: C~ll Volt-
age: 0.45 V, Current Density: 2000 A/m2, Tcnp-ratll:..:
350 K, Pressure: 3!!;,(30 atm.), and t..:i:lCour,,::L:.i-
tion: 10-20 wt%. Experime.ltsarc bell:.;pur’su,.d,,LthLs
tin+ to verify the chofcc of these opt-r.IL~;Ijpnr. !-,ccrfi
for the el(,(.tro]yciriporLion of 1]!..cycle. Tlluriilllcrll
ncirfGtrc:l:l,1120 wl;;1:;cooled LJ; lIC:I: CXC!I..::::C ~,ribr
to being rl,.lclt,dwith the bismuth o~ysul.f:lt,,(1’,J::l!~.SL13)
effluent from Lhe dccompo-.arvesseln. l’t,,:svrcc~;ruri
produce a vet Bi203.2S03 prcciplcat,!tl..: js r-”t,.”,-d
to tha high-temperature portion of the cyt:lu. Si,,IC
heat is libcratrd at luw tempernturc hi the rv:wt[L~:l
of Bi203.S03 with mlfurlc acid, UC CstilwltetllJ;
amount of heat to be 38 kJ/mol which i!;ruugl)lyhlli
the heat release for the reaction of bismuth oxide
w!LI1sulfurlc acid to form Bi203.2S03. Tht:jil~~t

serves to raJ:;ethe temperature of the acid t=rflw,nt
from the bi:lmutho~aulfatc re:{ctors, The ncJ.4,.[flu-
ent is then introduced into a series of gas ob.:~,rbe-o
where it is uoed to ncparatc S02 fr~m the SO~/i,,~
etrcam lcavjn~ ihv decomposere. ThL:! operatio- r~,-
covere S02 which is thm rccyclcd ulth tlw acli 1,.lcI;
ftnthe elcctrnlyzers. The oxy~cn ntrcam from t;:. !b-
sorbers contal.netrace amounts of S02 whluh is t’,.;t’ler
reduced by contnct ultllthe incoml:l;;w.~tcrLO th . CYCIC.
After final scrubbing, the oxy~.m utr~wn in ht,.lt.:.1,ex-
panded to rcr.overuseful work, and v..nt.~dat CL(,;> to
ambient cunditinns to the ntmc,sp!wl.,,.

It i~ of intcrwt to notr othar prupnied Sp.I/O:

acpar~ltion schemes rhat dt,perrdon LIIO r,~)-ii~enl,. ,,~),ir.l-

tton of S02 by its liquef.lctionfrum l~o,l..c,,n,!.,,t..;,t,t,
oxy};(w(nL tnr }Iwcjflcd temper.lLllr(hs).‘(ll!~.+1,1!.’.1-P%
may he fl~wed as oxygen posses.<,... 4 n c(~ll:+ltli~r.ll,!,:,.tJlu-
bllity in liquid S02.(12) TM trqwr:ltl:r.cny~!,;.,nt
Of OLIIUh~lj~yfOr 0.Xyl;@ll[:1puqJ.tIvc, Lb’!; t’., J ;,,.”l(f
SL17 must btiat an even lower trmp~r,ntllr~. f(,r ~rr,{:!r
oxjgen rrmoval.

CY(,I,E-IIIC.11TFF!PJ?MTUREPOl{”t’1’.~’i.-Tt!l.;por:l ~, of
the cycle Include:itlw Idsmuth sulfi](,.d,.:,l~l,;:,!,,,the
blomu”llclllfnl(,dcrompt~:+itloo, ;I::Jtt,, I,I,:ILt.t, I Ide
d~:coLlpwiiLlonmlcps. Iaoth-rn,, e,.::,,, ,,L,I’,(), ILorn
COUCI.,V.111xllth!!uuvilpornuppli , hr~:.t(,I!II iI ‘ .’~,m-
peia” a:?,, port,lunof th9 cycle h:;,Ili,.: :., : ““ , (.:, . .!l, t_-
EIIC r,,u:,:lon:S03 - :;02+ 1/2U1 L(!lh. 1-: , ‘1”’,I
shift of tllwcquLLil~rLlrato th, 1~.~tkl!.~~’il t :, ...
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mixture drops+ to lower trmperarure gives a 111.I! evolu-
tion that in used for the cndot!le~c decomposition of
●ntering B1203.2S03 in a “chemlc.11heat pipe” muchaniam.
In this manner, primary heat from the fusion reactor is
coupled to chLs portion of the cycle in a single heat

●xchaoger. The other heat exchangers :;hownon the flf.w-
ehert, Fig. 6, are for internal heat recovery, I.c.,
preheating incoming “cold” strcame with exiting “hot”
streams.

The equilibrium pressu.remfor the S03/S02/02 trye-
tem are well known (11) and data for this aysctm, in the
form of PS03, has baen plottad as n function of tempera-
ture at a total preesure of 3FfPa(30 atm.) on Fig. 3.
Us aee that the crodsover point with the B12030 2S.03
decomposition line occurs at 1251 K. Above this tem-
perature S03 obtained from the decomposing bismuth oxy-
sulfate will equilibrate with S02 end 02. The cr.rrre-
eponding temperature for the B@3-3S~3 decomposition
ie 1010 K.

With reference to the flowsheet, Fig. 6, entering
B1203.ZS03 mechanically ‘“deuatered”to k17wt% solLds
containing roughly 5 tuolaof water per mol of entering
solid la dried by indirect contacc with iIwarmer
stream of quznched SC12102/S03containing the ev.rporated
water. Additional heating i~ provided by nn internal
recycle stream of oxygen. Leaving the bottom of the
drier, we have a vnpor ntremm comp,osedmslnly of s02
and 02 and a liquid stream concuining water and ❑ul-
furic acid. The dry solids exit the top of the drier
vassel whare they contnct directly a qu~nchu! S02/02/S0:,
stru.amthat com~s djrectly from the SOS d~,conpo.+er
(primary heat exchang~”~ and is essentially unchanged
in compoaltlon from its equilibrium at 15!10K at 3 MPiI
(30 atn.). hat exchan.qec,ccursbetween these atreoms
rnisin:~the tcnpe:nture of thu dried Bi203.2S03 to
approx.!~~tcly800 K. Additional heat to raise the
temp~r:l:ureof the solids ia obtained frou n recycle
S02/02/S03 atrenm i19 well as from the rccycl,.(Ixyg,,n.
The drl(xtand heaLed B1203-2S03 solbls .m? now intro-
duced into a aerics of ducompo~itlon rcnctors (two arc
shown on Fig. 6) where they come intr.rdirect contnct
with a S02/02/S03 g.ls mixtur,~fron the prlmi~.~heat CX-

changdr. liehave asauuwl equilibrium corditkns at the
inlet nnd outlet temper.lturesok thtinedecompose ves-
sels for the gas phzse. ln the decomposera, the solids
arc heated by twc mechdn:uma, aenaible heat exchange
with the hc’ttergases and by tha bent of renctlon given
up os aom- of the S02 and O? present shiftu towarctaS03.
Thin form the heat recov+~ portion of the chemical
heat pipe mechanism described earlier. Thlfiproceaa
drastlcnlly reduce~ thu gaa flows from wh~t they would
heve to IIUif only tienaibleheat were exchanged. As
stated earlier, the decomposition reactors are solid-
gastcontacting devices. These units could hav. !lw~ral
configurations: fluidized beds, moving beds, or -ntary
kilne, c.tc.Cuiterla for ducomposer rmactor des!..n
would include corwlderatione of temperature, pr+.,ure,
rmction rote and heat transfer. SOlOethought hm al-
ao been Kiven to the pogsiblltty of the soLiJY th~,m-
eelve~ acting as catalytic surfacea for the S02/02/W3
equilibrium. Should the solld materlml prove to be
catalytically innctive, cutmlyst contings on intcrlor
aurfac?:+of the dccomposer ve~aeln ❑ay huve to be pro-
vided.

In cur dcsi~n, we have considered the removnl rrf
1 mnl uf SO;Jpr:rCIO1of cn:uring Bi203.ZS03 n:!w.s1las
the rr.moq~llof 1.33 molo LIf SO~ tu yield a product nf
B120 .S(13or D1203.(2/3)soJ re:lprcrlvf=.ly.Tlw cxlLing

3-noli ;mt,!ri.~1 is coolml by th,)I:!tcrn*llyrccycllllg
ok::~en::rrr,nm before Itn di~ch:!r~~. Thlv nat.erlll1:1
rcturr:wdto th.!lw-tcmpdr~curr port 1.m of t.11~.(:),,,!*
10Y :;..!!J,!.vILI+II:c~nt.~ctVtth clllturlc,m:ldnnd r~,:;.ln*r-
ntirJn~~1thfx11i7(’)3.2$0J 5t&Ir~!lli: M!lk(mr[’d.

CYC[,l,:.-IJiYRfiY” B,fL.LN(:it ANE KI’7TC1CNIjY- In or(lorto
ohrnln i;.-.mtlc:ltlve d~t{ifor tlr, p:rfnrm:cnc.e of I.hiti

cyclr relative co other cycles and to vacnr cl:z:YJly-
:ii~,w< have done parametric analyses cf the c;. .“:.
PMYJ1 balance over .v wide range of oocrating ,..:;i-
tlwla.

to obtain the endothermic heat per mol of t12,C,:ru-
quired in the high tcmperarure porrion. We hav: ?s-
sumed negligible heat 10SHeq and a 25 K tcm;,~r.~rlf.~
difference for heat transfer jn this porrlo;l. Tileen-
dothermic heat requirement may be expressed tis:

QH-Enh (350 K)-Enh (375K)
~,,i i

out Jj
(9)

where, n
i
1=nols component J.,and h

i
w nml:(r ench~lpy

of components.
The variables explored and their ranges ver<:

Rmhwm Strenm Teraperatu._e:1275-1675 K

System Pressure: 2MTa (20 atm.) - 5MPa (50 +.tul)

Mola S03 Removed: 1.0 and 1.33

Mols H20 entering with E12n3-?S03: 0-20

(as 15 vt% I[2S04)

Table 2 - Cycle Energy Balon~.+

:Low
TempL+r~Ltlre
Pnrtjo:l

a. LUcctrolyzcr

c“ %% 20 ]:,
Svjl,ar,ltor -,.-—-— _ .—.- ... .-.

2,<?



The cycle efficiency 11is: &tH2/Z~QT. in OUZ case we
have

n“ 286 - 0.50 (50%)
305 + 282 - lfI

A fur-her paramstri: analysis wee done to evaluate the
.afic~: of the ma]or system variables on th= cycle’s
efficiency. Three variablen were chosen for this
analysis; the ●lectrolyzer cell Voltags, the endother-
mic heat requirement in the high-temperature portion,
amd the maximum etream temperature in the cyclti. Held
conetmnt were the system pressura at 3 HPa, the mole
of S03 removed at :,0, amd the mola of water entering
the high-temperature portiom at 5.0. The rebults of
this further arialy~isaru shown on Fig. 9. In the
caee of the varia:ion of cell voltage. the temperature
was kept constant at 1475 K, and the endothenz.tcheat
at 285 kJ/mol H2. In the other two cases conaL&red,
the cell voltag~ was kept u: 0.45 V (228 kJ/cuJl,heat
equivalent).

The results show that the meet important vari-
●bles bearing on the cycle’~ efficiency are the elec-
trolyzer voltage and c“.*cndother’du heat requirement.
Th.: effect of Da%hum stream tempera:::re variation Jr.
Important primarily Lccduse it varies the equilibrium
yield iM the S03 - S02 + l/20z rcacticn ani hence
changea the compoaitlom of the gas mlxcure Ie.lvingthe
high-tenperincureportion of the cycle and ti:e rmlo-
thermlc heat requir~m.nt.

Our earlier look at the variu:ion in overall sys-
tem pressure showed small changes in ~1 with pressure
ovt:rthr rnnge 20-50 atm snd thus not much variation
frcm th,,point of o;ficlmcy. Ths major effccc of
varying system pressure in a gaeeuue .eystcmwould be
to chan,geequipzent aizws and ar.ructuralrequirements
thus Influrnch;; the. c:!: ital costs of the cycle.

TV rd,[alna cycle !,LLI1high overall thwmal Pf-
ficiunr’;,it is i,:porcan:to chooMe operating eondi-
tion.~t:,utmfnlrnlza thr-?al energy (jxpend!turc. In
the casu of the blnmuth ::ulfatccycle, thase conditions
are fulfiller!by the choice of a rcrtsonablyhi~!lmzxl-
mum str~!am teupernture (1L75 K), high systcm prcsxure
(3.MPa),low electrolysar voltage (0.45 V), 1 mol of
S03 rcmnved pcr rnterlng Bi203.2S03, ailda low number
of ❑ols of water entering the high-tecry.‘.lcureportion
of the cycle ( < 5 mols).

KATEftIA2s- Moteria2.eproblems must ho facvd in
designing a thermochemical cycle fur opern:lon nt tcm
pcraturcs around 150(JK. The principal choice of m~-
terials in the lvv-temperature portion of the cycle
for compnnente 1~1contact with 350-400 K t12S04wrruld
be plastic-llrozdotcel. At temparaturen from 400-8COK
m acid hrlck may be u~ad to llne equipm~n!. For tl:<
high-temperature portLon of thy cycle U* hive to con-
tain bismuth oxysulfatee ae well as dry SOJ, S02, and
02. The high-temperature fom of S10: or n recently
announcud oxidation rrsistant SiC spong~ (13) hnve
capab!llti~s to 1800 K. Theee problems, however, viii
requir~’more detnllud inve.etigation.

SUMMARY ANfICONCLUSIONS - TheLASL bismuth cycle
appeirr~to br a prumining approach to prodl;,..lnShyd:rr-
gun frm n hlp,h-tcmp-ratl~:sprocess heat c“.,cc,:(l!JOOK)
such :itthnt frum n fusion or nohr reacto:. lt avotde
tll~p-.(hJl:mof evaporating nulfurlc acid Holutions Mnd
hm r:I estlm~tctf e[flciency of 50 pcrr~n! hw~d on a
fJows!,-*#timulysla. crucl:~linsuus otlll ru he r~?-
C(,II, .! For thl~ cyrlc arc tha diwswwtrnt!.unrJ1’luv vtJll-
a,,,-clu[.tr(~lya{.nundur prductlon condlt.ll.tnq,rccup~r.l-
tJ,,:ln! I:ltuntbrat of v,lporlxatlanfrom f“:”ytngrnvl14
Bi.lr),; .?:: ,,1, nld tli.hundlln:: of lnrge nm,,l :!i’!l of H~IILd~

in n 1,“:;il ‘tl,lII]l I!r.ltll:L. drrxnnpn~rnrve~.{el.

UC haw not evaluated the cy:le on cronomic
grounds as yat, however, fi~milarityof the cycle LO
other cycles undergoing techno-econtlmiccvaluatlm
other than for solids hmdllng cquipnent indicate that
the hydrogen production COSL should be roughly cuapar-
able.
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Fig. 1. Bismuth Sulfaca Decomposition Alternative
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Fig. 2. Schematic Dingram of
Sulfate Cycle.
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Equllibrtum Data for Illtwnuth Sulfnte and
Mlamuth Oxysulfata I)acompnsltlmn.
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Fig. 4. Kinetics of Blsmhth Sulfnte Drcomp.>.ition.
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Low-Temperature Portion Flowsheet - LASL
Blsm~th Sulfate Cycle

EL: Electrolyzer; AR: Acid reservoir; W: Mixing ves-
sel; AC-1, AC-2, Ac-3: Acid coolers; SR: Solids re-
actor;FC: Flash drum; AT-1, .IT-2: SO~ absorption tow-
ers; ST: Surge Tank; ME: Ilechanical expresil?n roll-
ers; CDM: Dewatering centrifuge; OET: Oxy”,=n expans-
ion turbine; OC: Oxygen cleanup tow~r; CCC: (.IS cool-
er-condanser; GC: Gas cvlpressor; AS: Acid s.~yrator;
A: Aqueous sulfuric acid with and without S02; G: Sul-
fur dioxide conta+,ling gai; 0: prcd~inntcly Oxygen

~~;;d~: predominately water; C: Cooling water; s:
i
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Fig. 6. High-Temperature Portion Flowheet -
LASL BiamuLl Sulfate Cycle.
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Fig. 8. Parametric P.wlysis of l[igh-Temperature
Portion of the Cycle.
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